The ability of Actinomyces naeslundii to convert sucrose to extracellular homopolymers of fructose and to catabolize these types of polymers is suspected to be a virulence trait that contributes to the initiation and progression of dental caries and periodontal diseases. Previously, we reported on the isolation and characterization of the gene, ftf, encoding the fructosyltransferase (FTF) of A. naeslundii WVU45. Allelic exchange mutagenesis was used to inactivate ftf, revealing that FTF-deficient stains were completely devoid of the capacity to produce levan-type (␤2,6-linked) polysaccharides. A polyclonal antibody was raised to a histidinetagged, purified A. naeslundii FTF, and the antibody was used to localize the enzyme in the supernatant fluid. A sensitive technique was developed to detect levan formation by proteins that had been separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the method was used to confirm that the levansynthesizing activity of A. naeslundii existed predominantly in a cell-free form, that a small amount of the activity was cell associated, and that the ftf mutant was unable to produce levans. By using the nucleotide sequence of the levanase gene of a genospecies 2 A. naeslundii, formerly Actinomyces viscosus, a portion of a homologue of this gene (levJ) was amplified by PCR and inserted into a suicide vector, and the resulting construct was used to inactivate the levJ gene in the genospecies 1 strain WVU45. A variety of physiologic and biochemical studies were performed on the wild-type and LevJ-deficient strains to demonstrate that (i) this enzyme was the dominant levanase and sucrase of A. naeslundii; (ii) that LevJ was inducible by growth in sucrose; (iii) that the LevJ activity was found predominantly (>90%) in a cell-associated form; and (iv) that there was a second, fructose-inducible fructan hydrolase activity produced by these strains. The data provide the first detailed molecular analysis of fructan production and catabolism in this abundant and important oral bacterium.
Actinomyces naeslundii is a gram-positive bacterium found in large numbers on mucosal and tooth surfaces. This organism is one of the first species to inhabit the oral cavity after birth and is an early colonizer of cleaned tooth surfaces. Also, by serving as a recipient for other early colonizers of the tooth in coadhesion events and by elaborating enzymatic activities that can modify enamel pellicle receptors for bacteria, such as neuraminidase, A. naeslundii appears to be a key participant in modulating the composition of the biofilms that form on teeth.
A variety of studies support a critical role for Actinomyces in oral health and in disease. Numerous microbiological studies have suggested a role for Actinomyces in coronal and root surface caries or in periodontal diseases (34, 43, 52, 55) , whereas other studies have found no positive correlations between the presence of the organisms and oral diseases (27, 42, 59) . These inconsistencies are probably due, at least in part, to some previous taxonomic inconsistencies and to the marked phenotypic heterogeneity demonstrated by the various species of oral Actinomyces (5, 7, 10, 66) . Although these differences are not resolved and the exact role of the organisms in biofilm formation, ecology, and pathogenesis remain to be elucidated, Actinomyces spp. are consistently among the most abundant organisms in supra-and subgingival dental biofilms (8, 42) , and they possess a variety of biological activities that would indicate that they are capable of playing major roles in oral biofilm ecology (62) . Among the various phenotypic characteristics of the oral Actinomyces, the capacity to produce extracellular homopolysaccharides of fructose is thought to impact the composition and virulence of oral biofilms (58, 62) .
Some of the most ecologically significant, gram-positive, oral bacteria produce fructosyltransferases (FTFs), or levansucrases, which are enzymes that hydrolyze sucrose and concomitantly incorporate the fructose moiety into a fructan homopolymer. The fructans produced by oral streptococci and Actinomyces are of two general types. Streptococcus mutans produces an inulin-type fructan, composed predominantly of ␤2,1 linkages, whereas A. naeslundii and Streptococcus salivarius make a levan-type polymer, made up mostly of ␤2,6 linkages (1, 24, 26, 38, 54) . When human subjects are given a sucrose-containing rinse, fructans rapidly accumulate in dental plaque (28, 30) , where they are thought to serve as storage carbohydrates that can be hydrolyzed when other more readily metabolized carbohydrate sources are exhausted (20) . Fructan metabolism extends the depth and duration of dental plaque acidification and thus contributes to the initiation and progression of dental caries (12) . In support of this idea, mutants of S. mutans with defects in fructan metabolism are less virulent in a rat caries model (13) . Additionally, bacterial levans, such as those produced by A. naeslundii (1) , have been postulated to contribute to periodontal diseases, because these polysaccha-rides can trigger inflammatory reactions and act as mitogens for B cells (19, 22, 53) .
Recently, the gene encoding the FTF of a genospecies 1 A. naeslundii, strain WVU45, was cloned and characterized (3) . FTFs of many bacteria can be found either in a cell-associated form or secreted into the culture fluid. The levansucrase enzymes of B. subtilis and S. salivarius are secreted in a two-step process with a cell-associated intermediate (17, 41, 48, 57) . Early studies on the FTF activity of A. naeslundii suggested that the enzyme was primarily secreted but was also present in a cell-associated form (47, 58) . Cell-bound FTF was postulated to provide some advantages to the cells because the fructans produced on the cell surface might act like a capsular material that could protect the organisms from inimical influences (60) . Also, the fructans produced by a cell-bound enzyme would be in close contact with the organisms when the conditions were favorable for hydrolysis of the levans, giving the organism an advantage in competition for this valuable nutrient source. However, these early studies did not employ methods that could discriminate between FTF activity and other ␤-fructosidases that might be produced by oral Actinomyces.
Bacteria that produce fructans also produce enzymes that degrade these polymers (11) . Previous studies have indicated that oral Actinomyces have the capacity to hydrolyze a variety of fructans via enzymes that specifically break down (i) only levans, (ii) only inulins, sucrose, and raffinose, but not levans; or (iii) levans, inulins, sucrose, and raffinose (40, 62) . Enzymes that can attack levans, regardless of whether they attack multiple other fructosides, are often referred to as levanases. The levanase from A. naeslundii T14V, a genospecies 2 organism formerly designated as Actinomyces viscosus, is the most thoroughly studied levanase of the oral Actinomyces spp. (44, 45) . The T14V levanase, encoded by the levJ gene, is a 99-kDa enzyme with significant homology to other known levanase enzymes from eubacteria. LevJ has a putative signal sequence and cell-anchoring domain, an LARTG sequence (45) , which is similar to the LPXTG sorting sequence of gram-positive bacterial surface proteins (51) . The levJ gene was expressed in Escherichia coli and was shown to hydrolyze levans, inulins, raffinose, and sucrose (45) , similar to the S. mutans levanase, FruA (15) . The levanase of A. viscosus ATCC 15987 has also been examined biochemically and shown to have substrate specificities similar to those of LevJ, and this enzyme is both cell surface associated and cell-free (40) . In contrast, the A. viscosus ATCC 19246 levanase is capable of hydrolyzing only levans, similar to a levanase enzyme isolated from S. salivarius (32) . Thus, levanases of Actinomyces spp. have different properties depending on the species, genospecies, and strain. The differences in substrate preference may be important in the oral cavity, where there are probably multiple types of fructans available as a result of the variable composition of oral biofilms at different sites in the mouth. The purpose of this study was to provide fundamental information on the genetics and biochemistry of the metabolism of fructans by genospecies 1 A. naeslundii. (64, 65) .
MATERIALS AND METHODS

Bacterial
Mutants of A. naeslundii with insertions in the ftf and levJ genes were constructed as follows. Briefly, a 2-kb StuI-XhoI fragment containing the FTF open reading frame was subcloned into pGEM-7, which does not replicate in A. naeslundii (63) . A kanamycin resistance (Km r ) gene was released from pJRD251 (65) by DraI-XhoI digestion, and blunt ends were created with T4 DNA polymerase (LTI) and deoxynucleoside triphosphates. The Km r determinant was inserted into the ftf gene, leaving 1.2 kbp upstream and a 0.8 kbp downstream of the insertion site. The resulting construct, pSXKM, was electroporated into A. naeslundii WVU45, as previously described (64, 65) , and potential mutants were selected on BHI supplemented with kanamycin (50 g ml Ϫ1 ). Mutant strains with insertions into the ftf gene by double-crossover recombination were utilized for further analyses. To prepare a levanase-deficient mutant of A. naeslundii WVU45, a 0.5-kbp EcoRI fragment of the A. naeslundii levanase gene was amplified by PCR using primers based on the sequence of the genospecies 2 A. naeslundii strain T14V (44) (GenBank accession no. U12274). The levanase PCR product was cloned in plasmid pCR2.1, and nucleotide sequencing was done to confirm that the insert was homologous to levJ. The deduced amino acid sequences of the characterized portions of the PCR product were 92% identical to the levanase of A. naeslundii T14V. The product was cloned onto EcoRI-digested pBSK to create pLjPB. A Dral-XhoI digest of pJRD215 was used to release the Km r gene, which was then cloned adjacent to the levanase gene fragment after digestion of pLjPB with EcoRV and XhoI. The resulting plasmid, pLjKm, was used to transform A. naeslundii WVU45 and integration of the plasmid by Campbell insertion was confirmed by Southern blotting.
Construction and purification of a six-histidine-tagged FTF. A partial ftf gene, encoding the FTF lacking the predicted signal sequence, was amplified from plasmid pFTFLB4 (3) using PCR, with Pfu polymerase and primers (PCR 480, 5Ј-ACCACCGGATCCGCCGATGAGACCCCCT-3Ј, and PCR 2360, 5Ј-ACGC GCCTGCAGTCAAACGACGACGAGCGG-3Ј) into which BamHI and PstI sites (underlined) were incorporated to facilitate subsequent in-frame fusion of the ftf gene with the His 6 tag. A 1.6-kbp PCR product containing an internal portion of the A. naeslundii ftf gene was cloned into pCR2.1 (Invitrogen), released by digestion with BamHI and PstI, and subsequently cloned into BamHIand PstI-digested pQE-30 (Qiagen) in E. coli DH10B. Nucleotide sequence analysis confirmed that the orientation of the insert was correct and that the ftf gene was fused in the correct reading frame. The plasmid containing the partial A. naeslundii ftf open reading frame in pQE-30, designated pHis-ls, was transformed into E. coli M15. The resulting recombinant strain, E. coli His-ls M15, was grown to exponential phase, and expression of the fusion protein was induced with IPTG (isopropyl-␤-D-thiogalactopyranoside) at a final concentration of 1 mM. The 68-kDa His-tagged FTF (1.4 mg) was purified by the denaturing protocol described in The QIA Expressionist kit (Qiagen) and then further purified after preparative sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The protein was excised from the gel and used to elicit a polyclonal rabbit sera at Lampire Biological Laboratories (Pipersville, Pa.).
Amplification of an internal fragment of the levanase gene of A. naeslundii WVU45. Primers prepared from the known sequence of the levanase gene, levJ, of the genospecies 2 A. naeslundii strain T14V (44) were prepared (FP1, 5Ј-CA ACGGGCTCGTCTATTAC-3Ј, and BPI, 5Ј-GCAGCGGGAAGAAGTC-3Ј) and used to amplify a 0.5-kbp internal fragment of the levanase gene of A. naeslundii WVU45. PCR products were analyzed on a 1% agarose gel, a 0.5-kbp product was isolated after excision from an agarose gel, and the fragment was ligated into pCR2.1 (Invitrogen). Using primers specific for the pCR2.1 cloning vector, the 5Ј and 3Ј portions of the nucleotide sequence of the PCR product were determined to confirm that the correct fragment was obtained.
Detection of levans using an anti-levan monoclonal antibody. To detect levan synthesis in an enzyme-linked immunosorbent assay (ELISA)-based assay, bacteria were grown overnight in BHI, with or without 1% sucrose, in a 24-well plate (Falcon 3047; Becton Dickinson, Lincoln Park, N.J.). Under both conditions, A. naeslundii forms biofilms very efficiently on the polystyrene. Plates were inverted to remove media and suspended cells, and the wells were gently washed with phosphate-buffered saline (PBS; 10 mM sodium phosphate [pH 7.4], 0.9% NaCl). Levans were detected by using a mouse monoclonal antibody, UPC-10 (ICN Pharmaceuticals, Aurora, Ohio), which is specific for the ␤2,6-linked fructans composing the majority of A. naeslundii fructan polymers, at a concentration of 1 g ml Ϫ1 for 1.5 h. Plates were washed with PBS containing 0.05% Tween 80 and subsequently incubated with peroxidase-conjugated rabbit anti-mouse immunoglobulin G (IgG) antibody (Kirkegaard and Perry, Gaithersburg, Md.). Unbound antibody was removed by three washes with PBS containing 0.05% Tween 80 and then three washes with PBS alone. Positive reactions were detected using 3,3Ј,5,5Ј-tetramethylbenzidine in citrate buffer with hydrogen peroxide as detailed elsewhere (2) . The reaction was stopped by addition of 0.5 M H 2 SO 4 , and the absorbance at 450 nm was determined. Cells grown without sucrose and wells in which the UPC-10 antibody was omitted served as negative controls. S. salivarius, which produces copious amounts of levans (4), was used as the positive control.
Protein preparations. For measurement of enzyme activities and for preparation of proteins for blotting, strains of A. naeslundii cells were cultivated in the desired medium to mid-exponential phase, and cells were harvested by centrifugation at 5,000 ϫ g. Culture supernatant fluid was concentrated approximately 100-fold using a Centricon Centriprep concentrator (Millipore, Bedford, Mass.) with a molecular weight cutoff of 3,000. Whole-cell extracts were prepared from 50 ml of cells. After the cells were washed in 10 mM potassium phosphate buffer (pH 6.0) and resuspended in 1 ml of the same buffer, the cells were homogenized in three 20-s intervals using a BeadBeater (Biospec, Bartlesville, Okla.) in the presence of 600 l of glass beads (average diameter, 0.1 mm). The lysates were centrifuged at 14,000 ϫ g for 15 min at 4°C, and the resulting supernatant fluid was used for analyses. Cleared lysates of E. coli were prepared as previously described (15) .
Electrophoresis. For Western blot analysis, or for analysis of the purity of proteins, protein preparations were boiled for 5 min in SDS sample buffer and subjected to reducing and denaturing SDS-PAGE as previously described (36) . Proteins were eletrophoretically transferred to Immobilon-P membrane in a Tris-glycine-methanol buffer for analysis by Western blotting or the gels were stained with Coomasie blue (2) . A novel protocol was developed to detect levansucrase activity in protein preparations separated by SDS-PAGE. In these cases, protein samples were mildly denatured in SDS sample buffer (36) for 1.5 h at 37°C prior to separation by SDS-PAGE. After electrophoresis, the proteins were transferred to Immobilon-P membranes, and the filters were incubated overnight at 37°C with 50 mM sucrose in 10 mM potassium phosphate buffer (pH 6.0). Levan production was detected using a mouse monoclonal antibody as detailed below.
Western analysis. Western blots were performed essentially as detailed elsewhere (56) . Prior to use, the polyclonal anti-FTF antisera was adsorbed against cell extracts of E. coli M15 (29) . Serum containing anti-FTF antibodies was used at a 1:100 dilution, and peroxidase-conjugated goat-anti-rabbit IgG was used at a dilution of 1:1,500. Following incubation with the antibodies, filter membranes were washed three times with Tris-buffered saline (TBS; 10 mM Tris-HCl, 0.9% NaCl) containing 1% Triton X-100, followed by two more washes with TBS. Conditions for detection of levans by Western blotting were essentially as described above except that the number of TBS washes after exposure to the primary antibody, UPC-10, was reduced to two and, after incubation with the secondary antibody, the blot was washed once with TBS containing 1% Triton X-100, followed by two washes with TBS for 5 min each time.
Enzyme assays. For measuring the hydrolysis of levans and inulins or the sucrase activity, protein preparations were incubated with 1 mg of levan or 1 mg of inulin per ml, and the reducing sugar that was released was measured as described elsewhere (37) . Enzyme activities were normalized to the protein concentrations, which were determined by the method of Bradford (9) using a commercially available reagent (Bio-Rad, Hercules, Calif.). Bovine serum albumin was used as the protein standard, and standard curves were prepared for each experiment. Enzyme activity was expressed as units, which are defined as the amount of enzyme needed to liberate 1 mol of reducing sugar in 1 h. Enzyme activities are expressed as specific activities. To calculate the total amount of levan-, inulin-, or sucrose-hydrolyzing activity present in cell or supernatant fractions from A. naeslundii growing under various conditions, the specific activities in the various fractions were multiplied by the total amount of protein present in those same fractions.
RESULTS
Construction of an FTF-defective A. naeslundii. A strain of
A. naeslundii in which the ftf gene was inactivated was constructed by allelic exchange as detailed in Materials and Methods. Chromosomal DNAs from Km r bacteria were analyzed by Southern blotting by probing with the kanamycin gene and an internal fragment of the ftf gene (data not shown). The recombinant A. naeslundii strain, designated FTF1, resulted from an insertion of the kanamycin resistance cassette by double-crossover recombination into the ftf open reading frame. A. naeslundii FTF1 was assayed for formation of levans in the ELISAbased assay detailed in the methods section using a mouse monoclonal IgG antibody, UPC-10, which specifically recognizes ␤2,6-linkages (Fig. 1) . The assay detected levan production in A. naeslundii WVU45 grown in the presence of sucrose, but not in the ftf mutant, indicating that all levansucrase activity was absent in strains lacking an intact ftf gene.
Detection of FTF by Western blotting. In order to obtain antibodies to assist in the characterization of the FTF from A. naeslundii, a six-histidine-tagged FTF was constructed and purified. A recombinant E. coli strain overexpressing the A. naeslundii FTF enzyme and lacking the predicted signal sequence (3) was constructed as described in Materials and Methods. The E. coli strain harboring the expression plasmid, pQE-ls, synthesized an IPTG-inducible protein with an estimated mass of about 70 kDa, consistent with the predicted mass of the protein encoded by the ftf gene, i.e., 68,215 Da (3). After induction with IPTG, the cells were visualized under the microscope, and inclusion bodies were evident. Not surprisingly then, when crude extracts of induced M15 cells harboring the pQE-ls plasmid were analyzed for the ability to hydrolyze sucrose, none was detected. Attempts to purify the protein under nondenaturing conditions were unsuccessful, so denaturing methods were then used to purify the histidine-tagged FTF.
The purified protein (Fig. 2) 2) . Some slightly higher M r proteins were detected in the wild type, but not in the mutant, perhaps representing FTF that was aggregated, posttranslationally modified or covalently coupled to cell wall fragments. Cell-associated FTF was not detected under the same conditions, but when the gels were grossly overloaded with cell lysates, FTF could be detected by the anti-FTF antibody (data not shown), suggesting that the vast majority of FTF is secreted from the cells under the growth conditions tested. Some nonspecific reactivity was also noted with the rabbit antisera, apparently because rabbits naturally mount an immune response to bacterial antigens that crossreact with those of A. naeslundii.
Detection of levan synthesis following SDS-PAGE.
A protocol was developed to detect levan synthesis after separation of proteins by SGS-PAGE. Briefly, protein preparations from A. naeslundii WVU45 and from FTF1 were mildly denatured and electrophoresed by SDS-10% PAGE. Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane, and the filters were incubated in sucrose overnight. Levan production by the levansucrase enzymes were detected in a Western blot analysis with mouse monoclonal antibody UPC-10, which is specific for ␤2,6 linkages. Levan production was detected in the culture supernatants of A. naeslundii (Fig. 3) , with a prominent band migrating with an apparent molecular mass of about 70 kDa, consistent with the predicted size of the mature FTF enzyme and the protein detected in Western blots. There were two bands produced in the cell-associated lanes that migrated with apparent M r values of 70 and 72 kDa, a result consistent with the size of the FTF before and after signal sequence removal, but there were also a number of highermolecular-weight bands, possibly arising due to aggregation or to covalent coupling of the FTF to petidoglycan. All levan synthetic activity was absent in the ftf mutant strain FTF1 (Fig.  3) . It is not at all surprising that the levan detection strategy was more sensitive than the Western analysis with the anti-FTF antibody, since each FTF molecule should produce many binding sites for UPC-10.
Role of LevJ in fructan and sucrose utilization by A. naeslundii. A levJ mutant was constructed as detailed in Materials and Methods. Chromosomal DNAs isolated from Km r bacteria were analyzed by Southern blot analysis using the 0.5-kbp levJ fragment or the Km r gene (data not shown). Insertion of pLjKm into the chromosome of A. naeslundii WVU45 in all cases was achieved by single-crossover recombination at the levJ locus. A strain of A. naeslundii, designated Lev1, that was confirmed to have an insertion of pLjKm into the chromosome at the correct locus (data not shown) was selected for further study.
Levanase, inulinase, and sucrase activities produced by the wild-type strain and a LevJ-deficient strain were measured in cultures grown in ADM with sucrose, fructose, or glucose as the sole carbohydrate source. Overall, levanase activity of the wild-type strain (Fig. 4) was greater than inulinase activity, and inactivation of the levJ gene eliminated all levanase activity in sucrose-and glucose-grown cells. Interestingly, there was a low level of fructan hydrolase activity in supernatants from fructose-grown cells that was lacking in glucose-or sucrose-grown cells, indicating that A. naeslundii may have a fructose-inducible fructanase that is distinct from LevJ. Similarly, inulinase activity in whole-cell extracts of fructose-and sucrose-grown cells was elevated, again supporting the presence of at least one additional ␤-fructosidase, other than LevJ, that is inducible by fructose or fructose-containing carbohydrates. Levanase and inulinase specific activities were highest in the supernatant fractions, in large part because the total protein concentration was much lower than that in cell lysates. Importantly, though, when the total amount of fructanase activity present in cell extracts and culture supernatants was calculated, it was found that more than 90% of the total the fructanase activity was found in the cell-associated extracts, as was more than 95% of the total sucrase activity of A. naeslundii WVU45.
The sucrase activity in culture supernates of A. naeslundii Lev1 grown with sucrose as a carbohydrate source was 7.3 U mg of protein Ϫ1 compared to the wild-type strain, which produced 224.8 U mg of protein Ϫ1 . Glucose-grown Lev1 culture supernatants had a sucrase specific activity of 7.8 U mg of protein Ϫ1 , compared to 153.7 U mg of protein Ϫ1 in the wildtype strain of A. naeslundii. Thus, LevJ is a major contributor to total extracellular sucrase activity. Cell-associated sucrase activity of Lev1 was four to five fold lower than that of the wild-type A. naeslundii in glucose-and sucrose-grown cells, respectively, indicating that LevJ probably can exist in a cellassociated form and contributes to total cell-associated sucrase activity. Not surprisingly, however, the data also support that there are other pathways for sucrose dissimilation possessed by these organisms besides LevJ, including FTF.
Regulation of A. naeslundii WVU45 sucrases and fructanases. The fructanase activities of Lev1 and WVU45 were compared in cells grown in ADM on different carbohydrate sources. The carbohydrate source on which the organisms were grown had a significant impact on the expression of fructanase and sucrase activities. Levanase and inulinase activity in culture supernatants also was two-to three-fold higher when the bacteria were grown with sucrose as the sole carbohydrate source (Fig. 4) . Consistent with LevJ accounting for a major component of the extracellular sucrase activity, total sucrase activity in culture supernatants increased about 50% when A. naeslundii was grown in the presence of 1% sucrose, compared to cells grown on glucose or fructose (Fig. 4) . A similar pattern was observed using cell extracts prepared from WVU45 when sucrose was used as the substrate.
DISCUSSION
The functions of fructans in the oral cavity have been most thoroughly examined in S. mutans, the primary etiological agent of dental caries. S. mutans produces a secreted FTF (35) , which synthesizes fructans composed predominantly of the ␤2,1-linked variety (4). For S. mutans, fructans are thought to serve primarily as storage polysaccharides, which can be hydrolyzed by fructanase enzymes when other carbohydrate sources are exhausted (12) . Like S. mutans, A. naeslundii produces an FTF and a fructan-hydrolyzing enzyme, so it is possible that the fructans in the Actinomyces spp. play a major role in the nutrition of the organism. However, unlike S. mutans, Actinomyces spp. are typically major constituents of the subgingival flora (7, 8) . In this environment, the production of levans may have adverse consequences for the host because of the ability of these polysaccharides to act as mitogens and to stimulate the inflammatory response (19, 22) . Defined mutants of A. naeslundii with defects in fructan metabolism will be useful in evalvating the contribution of levans to the virulence of the organism in supra-and subgingival biofilms.
It has been suggested that levans of Actinomyces spp. may be associated with the bacterial surface and form a capsule that can be hydrolyzed by cell-associated levanases. Previous studies have indicated that levansucrase activity of Actinomyces spp. can occur both in the culture supernatant fluid and in cell-associated fractions (46, 47, 58) . We have made repeated attempts to measure FTF activity in preparations from A. naeslundii by standard biochemical assays, but these efforts have not yielded repeatable results, due in large part to the fact that the enzyme may produce small polymers that are not efficiently precipitated (3) and due to rapid proteolytic digestion. In this regard, the antibody-based strategies were useful as sensitive methods to detect levans and FTF. It is now clear that levan production by A. naeslundii is attributable to a 70-kDa protein in culture supernatants and that cell-associated 4) were separated in a 10% polyacrylamide gel and subsequently transferred to PVDF membranes. The filters were incubated overnight at 37°C in 50 mM sucrose. The membranes were briefly rinsed in TBS and incubated with monoclonal antibody UPC-10 as detailed in Materials and Methods. After multiple washes, the membranes were incubated with a goat anti-mouse, peroxidaase-conjugated antibody, and the immune reactivity with levans was disclosed. Std., prestained protein molecular weight standards.
FTF migrates as two bands at 70 and 72 kDa, the slowermigrating species possibly representing FTF before the signal sequence was removed. The ftf mutant FTF1 lacked all ability to produce levans, both in the culture supernatants and in the cell extracts, demonstrating that the levan-synthesizing capacity of this organism may be solely due to the functional ftf gene product. However, without a more detailed analysis, we cannot exclude that another FTF activity can be produced under conditions that differ from those used in this study.
Examination of fructan hydrolysis by genospecies 1 A. naeslundii, using strain WVU45 and an otherwise-isogenic levJ mutant of this strain, revealed that this organism could efficiently hydrolyze levans and inulins and that inactivation of the levJ homologue eliminated detectable levanase and inulinase activity in cells grown on sucrose or glucose. Interestingly, there was some detectable levanase and inulinase activity in supernatant preparations of the levJ mutant when cells were grown with fructose as a sole carbohydrate source. Similarly, inulinase activity was enhanced in the levJ strain in fructoseand sucrose-grown cells. The identity of this inducible activity or activities is not currently known. However, the data can be easily explained if A. naeslundii has a fructose-inducible fructan hydrolase and a sucrose-and possibly fructose-inducible invertase with activity on inulins. Notwithstanding, it is clear that the levJ gene product is the major fructan hydrolase in A. naeslundii WVU45. Our results also indicate that LevJ of WVU45 represents a major pathway for sucrose dissimilation, a view consistent with the observation that LevJ of the genospecies 2 strain T14V has high levels of activity both on fructans and sucrose (45) .
The expression of levan-, inulin-, and sucrose-hydrolyzing activities in eubacteria is generally regulated at the transcriptional level in response to carbohydrate source and availability (for example, see references 16, 39, and 57). LevJ activity of A. naeslundii WVU45 was much higher in cells grown with sucrose as the sole carbohydrate source than in cells grown on glucose or fructose. Sucrase activity displayed the same pattern of regulation, consistent with the idea that LevJ represents the primary extracellular sucrase activity of A. naeslundii. The A. viscosus ATCC 15987 levanase was also shown to be induced by growth on sucrose (40) . We previously reported that the ftf gene is transcribed independently of carbohydrate source (3), which is unusual for gram-positive bacteria. Therefore, although A. naeslundii produces FTF constitutively, the organism appears to have evolved a somewhat more elaborate mechanism for regulating the catabolism of fructans.
It is noteworthy that the A. naeslundii WVU45 fructanase is not completely repressed by glucose, since many other fructanases are very sensitive to catabolite repression (14, 16, 21) . One possible reason that the production of LevJ is not as highly repressed as other levanase activities may be that an important role of this enzyme is in sucrose catabolism. Many of the sucrases of oral bacteria are constitutively expressed regardless of carbohydrate source, but are upregulated two-to threefold in cells growing on sucrose (50, 61) . Incomplete repression of sucrase activities of oral bacteria may reflect the fact that sucrose is present frequently, but only transiently, in the diet. Consequently, organisms in the mouth may need to have sucrase enzymes constitutively produced at a relatively high level so that sucrose can be optimally assimilated when it is introduced as a part of the diet.
Some fructanase activity was detectable in culture supernatants, but more than 90% of the inulinase and levanase activity of A. naeslundii was in a cell-associated form, and more than 95% of the total sucrase activity was found in the cell extracts. The use of the Lev1 mutant confirmed that essentially all of the cell-associated and cell-free fructanase activity was attributable to LevJ. Therefore, in terms of localization and substrate specificity, the fructanase of A. naeslundii WVU45 seems to be FIG. 4 . Levanase-, inulinase-, and sucrase-specific activities in supernatant and whole-cell lysates of A. naeslundii strains WVU45 and Lev1. Cells were grown to mid-exponential phase in ADM containing sucrose (columns 1 and 2), glucose (columns 3 and 4), or fructose (columns 5 and 6), and the levanase activity was measured in the culture fluid (supernatant) or whole-cell lysates (cells) of the wild-type strain WVU45 (columns 1, 3, and 5) or the LevJ-deficient strain (columns 2, 4, and 6). The results represent the mean of at least three separate experiments performed in a minimum of triplicate. Error bars show the standard deviation. In all cases of measurements of supernatant activities, the mutant and wild-type strains are statistically different (P Ͻ 0.05) by t test, as is the case for cell-associated levanase activity in sucrose-and glucose-grown cells (columns 1 to 4) and for the cell-associated sucrase activity in all carbohydrates tested. most similar to the levanase from A. viscosus ATCC 15987. Our studies also support that in addition to LevJ, there is at least one other fructanase capable of attacking both levans and inulins in this genospecies 1 A. naeslundii strain. This fructanase may differ from LevJ in cellular localization and substrate preference and thus may play different roles in fructan and/or sucrose metabolism than LevJ.
Actinomyces spp. have been shown to produce a levan-type polymer (1, 46, 47, 58) . The reactivity of the monoclonal antibody UPC-10 with polymers synthesized by the wild-type organism, but lacking in the ftf mutant, confirmed the presence of ␤2,6 linkages in the fructans produced by this organism. Consistent with this information, the A. naeslundii WVU45 fructanase appears to have a marked substrate preference for levans, based on the observation that levanase activity is much greater than inulinase activity. Similarly, the A. viscosus ATCC 15987 levanase also has a higher specific activity with levan as a substrate compared to inulin (40) , whereas the A. viscosus ATCC 19246 has no activity on inulins or sucrose and only attacks levans (33) . It is logical that Actinomyces spp. would preferentially hydrolyze levans, since that is the type of polymer they synthesize. Still, it may be beneficial for Actinomyces spp. to hydrolyze inulin-type polymers, since they inhabit an environment colonized by inulin-producing organisms, including S. mutans. Retention of inulin hydrolase activity by genospecies 1 A. naeslundii may reflect selective pressures imposed by evolution in an environment rich in organisms that can produce multiple types of fructan polymers.
In summary, this study clarifies the molecular basis for fructan synthesis and degradation in A. naeslundii, definitively localized the enzymes responsible for fructan metabolism, and shed light on the biochemical basis for the catabolism of an abundant dietary carbohydrate, sucrose, as well as abundant, microbially produced polysaccharides, fructans, in oral biofilms. Future studies oriented toward further dissection of the fructan and sucrose catabolic pathways, coupled with the use of mutant with defects in fructan metabolism in animal models of oral diseases, will clarify the role of FTF, LevJ, and other fructosidases in the physiology, persistence, and virulence of oral Actinomyces.
